Current LHC searches for non-supersymmetric singly-charged scalars, based on Two-Higgs-Doublet models, in general focus the analysis on third-generation fermions in the final state. However, singly-charged scalars in alternative extensions of the scalar sector involve Yukawa couplings not proportional to the mass of the fermions. Assuming the scalar decays into electrons and muons, it can manifest cleaner experimental signatures. In this paper we suggest that a singly-charged scalar singlet, with electroweak production, can start to be probed in the near future with dedicated search strategies. Depending on the strength of the Yukawa couplings, two independent scenarios are considered: direct pair-production (small couplings) and single-production via virtual neutrino exchange (large couplings). We show that, up to a mass as large as 500 GeV, most of the parameter space could be excluded at the 95% C.L. in a high-luminosity phase of the LHC. Our results also apply to other frameworks, provided the singly-charged scalar exhibits similar production patterns and dominant decay modes.
Introduction
A clear evidence of physics beyond the Standard Model (SM) would be doubtlessly the existence of charged scalars, as predicted in many extensions of the SM that incorporate, for instance, new weak multiplets to the scalar sector. The charged Higgs present in the Two Higgs Doublet Model (2HDM) provides a widely studied example of a singly-charged scalar arising from an additional weak doublet [1] . In fact, most of the searches at colliders are based on the 2HDM and in general focus on third-generation fermions in the final state. The charged Higgs boson has been searched at the LEP considering final states involving the decay channels H + → cs and H + → τ + ν τ , and assuming that these saturate the decay branching ratio. The combination of all the LEP data excludes a charged Higgs with mass below 80 GeV within the context of the 2HDM [2] . On the other hand, the searches for the charged Higgs at the LHC target on masses above the LEP limit and typically consider that it is produced in top-quark decays or in association with a top quark and/or a bottom quark. These searches cover not only the decay channels analized at the LEP [3, 4] , but also the mode H + → tb, when the charged Higgs is heavier than the top quark [5, 6] .
Charged scalars also appear in models that incorporate weak triplets such as the Georgi-Machacek model [7] , in which the scalar sector of the SM is extended with one complex and one real weak triplets giving rise to both singly and doubly-charged scalars, or the Type-II seesaw models [8] [9] [10] [11] [12] , where only one weak triplet is added whose neutral component acquires a vacuum expectation value and generates a Majorana mass for the neutrinos. The mass and couplings of the singly-charged scalar appearing in the Georgi-Machacek model have been tested at the LHC through the search for resonant W Z production in the fully leptonic final state [13] and also in the decay channel H + → W + Z, with the charged Higgs produced via vector boson fusion [14] . The doubly-charged scalar has been, in turn, searched for in the decay channel H ++ → W + W + [15] .
Finally, weak-singlet singly-charged scalars are particularly interesting since they appear in models that generate small radiative neutrino masses. Prominent examples of these models are the Zee model [16] and the Zee-Babu model [17, 18] in which the neutrino masses are generated at one and two loops, respectively. In addition, the SU (2) L × U (1) Y gauge quantum numbers of the charged scalar weak singlet are the same as those of the right-handed sleptons in supersymmetric models [19] and the singly-charged scalar in L − R symmetric models [20] . So far, there are no dedicated searches for the weak-singlet singly-charged scalar at the LHC. With this motivation, in this paper we develop a LHC search strategy to set bounds on the mass of the charged scalar weak singlet, focused in processes with leptons in the final state, since in principle these are more promising than those involving quark decay modes due to the impact of the large QCD backgrounds. Although throughout the text we will concentrate on the weak-singlet singly-charged scalar, our results can be easily extended to other models of charged scalars with similar production and decay patterns.
In general, the leptonic interaction of the charged scalar, called from now on h ± , would be with pairs of leptons with either chirality. Without adding right-handed neutrinos to the field content 1 , two different combinations of chiralities arise:
O LR =ν La e Rb h + + h.c. + ...,
where the subindex L (R) stands for the left-handed (right-handed) component of the field, and the superindex c transforms the given field into its charge conjugate counterpart. In the context of renormalizable theories, the LL operator comes from gauge invariant leptonic interactions of either a weak singlet or a triplet, while the LR operator is realised when the interaction is with a doublet. Furthermore, both operators can also be generated within effective field theories (EFT) in which the heavy states have been integrated out.
In the specific case of the singlet, the renormalizable Lagrangian describing its Yukawa interactions with leptons is given by:
where L denotes the lepton doublet and c L = iσ 2 * L its charge conjugate field. The Yukawa coupling f ab (with a, b = e, µ, τ ) needs to be antisymmetric due to the presence of the Clebsh factor iσ 2 . This interaction belongs to the LL category.
Alternatively, the LR interaction of the singlet to leptons can be realised at dimension 5 following the effective Lagrangian: We point out that, at leading order, a charged scalar interacting with leptons could be singlyproduced (via Yukawa couplings) as well as pair-produced (via gauge interactions). In particular, a channel with two charged leptons in the final state (2 channel) will involve both production modes, and their relative contribution depending on the strength of the Yukawa couplings. For sufficiently small values, the contribution of the single production can be neglected, and in fact this is the approach followed in Ref. [21] . As the Yukawa couplings grow, however, both contributions start to compete which makes troublesome to obtain conclusions from a search strategy based on this final state. Therefore, we also analyse the three charged lepton channel (3 channel) which is more suitable to explore the large Yukawa coupling scenario since it involves only the single production mechanism, via virtual neutrino exchange.
Even when there are no dedicated searches of the singly-charged weak singlet at the LHC, the LEP and LHC searches for charged Higgs bosons and sleptons could in principle provide bounds. The LEP limits on a charged Higgs assume that h + decays exclusively to cs and τ + ν τ and in the case in which h + can decay significantly into electrons and muons it is shown in Ref. [21] that the combination of these limits with the slepton search results only exclude masses below 65 GeV. On the other hand, the current LHC searches for charged Higgs bosons consider production mechanisms and decay modes involving only third generation fermions, and then do not impose relevant constraints on a charged scalar decaying mostly into electrons and muons. This conclusion is even more radical if we assume that the charged scalar does not interact with quarks. Regarding the slepton searches at the LHC, those performed in the dilepton mode (e + e − and µ + µ − ) impose bounds in the plane mχ0-m˜ for right-handed, left-handed and both right-and left-handed selectron and smuon production. From these bounds, only those corresponding to a massless neutralino and right-handed sleptons could be applied to our case. In Ref. [22] , for example, masses above ∼ 380 GeV are excluded. However, this bound is obtained by assuming degenerate selectrons and smuons, while in our case the dilepton mode originates from a single charged scalar, which reduces the cross section of the process considerably and then weakens the limit. We note that these slepton searches do not consider the virtual lepton exchange production mode. Finally, the LHC searches of staus in the ditau mode can also impose constraints on the branching ratio of the singly-charged scalar into taus. Even when the current limits are not very restrictive [23] , they are very useful in order to cover the region of small decay branching ratio of h ± into electrons and muons, where the search strategies based on the dilepton channel lose sensitivity. However, in this paper we will consider only electrons and muons in the final state and leave the analysis of topologies involving tau leptons as future work.
Our paper will be laid out as follows. In Section 2 we discuss the production patterns of the charged scalar as well as its decay modes. In Section 3 we describe the strategy performed in the 2 -channel and set bounds on the mass of the scalar and its branching ratio to electrons and muons. In Section 4, we present the analysis in the 3 -channel and sett limits on the Yukawa coupling and the mass of the scalar. Subsequently, we compare our findings using the LR operator with those obtained with the LL operator. Finally, we conclude in Section 5.
Production and dominant decay modes
The production of a charged scalar that does not interact with quarks will depend exclusively on its interactions with the gauge bosons and the leptons. The quantum numbers of the charged scalar under the SM gauge group completely determine the former while only set the tree-level structure of the latter but not its strength. In the case of the weak singlet, for example, the gauge symmetry enforces the renormalizable coupling f ab to be antisymmetric (see Eq. (3)). However, the strength of these couplings remains undetermined and must be constrained experimentally. For instance, since the interaction L c L h + induces charged lepton flavor violation, the couplings f ab will receive stringent constraints from lepton rare decays, which can be summarized in the requirements |f eµ f µτ |, |f eµ f eτ |, |f eτ f µτ | O(10 −5 ) [24] [25] [26] [27] . These bounds could be satisfied by considering that all the couplings f ab are highly suppressed and then that the renormalizable interactions involving them are negligible. In fact, this is the approach used in Ref. [21] , where both the interactions of the charged scalar with leptons and quarks are derived from dimension-5 operators. Another possibility would be to set two of the couplings to zero and left the remaining one unbounded. This scenario may be accomplished by imposing a lepton number global symmetry such as L i − L j , with (i, j) = (e, µ), (e, τ ) or (µ, τ ), which leads to f ij = 0 and f ab = 0 for ab = ij. In this manner the above experimental bounds are satisfied with the dominant production and decay modes still driven by the renormalizable interactions of Eq. (3). This will be the framework adopted in this paper, although the results can be applied in general to other models of singly-charged scalars with a similar pattern of production and decay channels.
The charged scalar can be produced in pairs through its interactions with the gauge bosons Z/γ but can also be radiated from a lepton external leg in s-channel diagrams with Z, γ or W bosons. This leads to the single production in association with two neutrinos, one neutrino and one charged lepton or two charged leptons. Unlike the pair production, the single production depends on the coupling of h ± to leptons. The Feynman diagrams corresponding to the different production modes are shown in Figure 1 . Since we are assuming that the charged scalar does not couple to quarks, the dominant decay modes will be h + → + ν , with , = e, µ, τ . For the weak singlet with the renormalizable Lagrangian of Eq. (3) we necessarily have = . Combining the possible decay channels with the production modes displayed in Figure 1 , three different final state arise:
1.-Two opposite-sign leptons plus missing transverse energy, 2 + E miss T , associated to diagrams mediated by Z/γ (diagrams (a) and (b)). In this study we focus on the first two, which are in principle more promising than the third one that contains just one lepton in the final state. In addition, we consider only electrons and muons in the final state since these flavors can be treated inclusively given their similar cut efficiencies at the LHC. Final states involving tau leptons need to be treated separately and we left their study as future work. Thus, in the following, the term lepton will describe exclusively electrons and muons. Since the 3 channel originates exclusively from diagram (c) in Figure 1 , the corresponding cross section scales with the coupling of h ± to leptons as:
where σ pp→h ± (f = 1) is the production cross section for f = 1, and BR e+µ ≡ BR e + BR µ is the decay branching ratio of h ± into electrons and muons. Clearly, a search strategy based on this channel would lose its sensitivity for decreasing values of the coupling f . This is not the case for the 2 channel since, besides the production in association with ν, it also involves the pair production which in fact is the dominant mode for sufficiently small values of the coupling f . This can be established more precisely by considering the contribution of the pair production mode to the total cross section in terms of the coupling f for different masses of the charged scalar. From the left panel of Figure 2 , we see that the pair production mode gives the dominant contribution for f below 0.1. Above this value, the contribution of the single production starts to increase until becoming competitive with the pair production mode for f 0.6. The mild dependence with the charged scalar mass is due to the fact that the pair production cross section suffers a higher phase space suppression than the single production. This effect is more visible in the right panel of Figure 2 where we plot various contours of the ratio σ pair /σ full in the f − m h ± plane.
In summary, for O(f ) 0.1 the cross section of the 2 channel is fully dominated by the pair production mode and then can be written as
while for O(f ) = 1 the scaling is the one given in Eq. (5) but with σ pp→h ± replaced by σ pp→h ± ν . Taking the above discussion into account, we decided to separate the search strategy according to the strength of the coupling of the charged scalar to leptons. For f 0.1 we focus on the 3 channel, while for f < 0.1 we make use of the 2 channel. In this manner we not only retain the sensitivity regardless of the order of magnitude of the coupling f but also are able to translate readily the results obtained for the cross section into results for BR e+µ and/or f . Finally, we point out that the signal corresponding to the 2 channel can be assumed to emerge from either the LL or LR operators, since they give rise to the same signature. This is not the case for the 3 channel, as we will explain in Section 4.
Analysis in the two lepton channel
In this Section we focus on the search strategy in the 2 channel. The topology of the final state consists of two opposite-sign leptons and missing transverse energy. The relevant backgrounds are then Drell-Yan, tt, W W , W Z, ZZ and tW . We generated all these background processes at leading order for a center of mass energy of 13 TeV with MadGraph aMC@NLO 2.6 [28] and rescaled their cross sections with different K-factors to include the impact of QCD corrections. The parton shower and hadronization were carried out with PYTHIA 8 [29] , while the detector response was simulated with Delphes 3 [30] . In all the cases we impose the following set of cuts at generator level:
T > 20 GeV, |η | < 2.5, where 1 ( 2 ) denotes the leading (sub-leading) lepton. Additionally, for the Drell-Yan process we set m + − > 100 GeV in order to make the simulation more efficient. The information about the simulation of the different backgrounds is collected in Table 1 . Regarding the event generation for the signal, we use the package FeynRules [31] to implement the relevant interactions and write them in the UFO format [32] . The rest of the simulation process proceeds in the same fashion as for the backgrounds. In particular, we demand the signal events to satisfy the same selection cuts at generator level as those imposed on the backgrounds. At the reconstruction level we select events with two opposite-sign leptons, that satisfy the same set of cuts imposed at generator level as well as the requirement E miss T > 35 GeV. The last cut on the total missing transverse energy is useful to reduce the Drell-Yan background which, unlike the signal, does not have large E miss T . Out of this sample, we build the following three observables:
Background Cross section (pb) K-factor Simulated events
1.-The invariant mass of the opposite-sign lepton pair, m .
2.-The transverse mass of the opposite-sign lepton pair, m T , defined by
,
3.-The stransverse mass, m T 2 , defined as
with m T ( p X T , q miss
, where X denotes a visible particle, E X T and p X T its transverse energy and momentum, respectively, while q miss X is the part of the missing transverse momentum associated with X. The indices L1 and L2 stand for the harder and softer lepton, respectively, and we can safely set m X = 0 in the definition of m T .
Additionally, we consider the observable S T defined as the scalar sum of the transverse momentum of all the leptons in the event. For each observable, O = m , m T and m T 2 , we build 81 different categories determined by the requirements O > X and S T > Y , where X, Y = 100, 200, · · · , 900 GeV. Since the m T 2 variable is obtained from the transverse masses corresponding to the two leptons arising from the decay of h + and h − , its distribution exhibits an endpoint around the charged scalar mass. Therefore, the lowest cut value chosen for this observable in the definition of the categories (100 GeV) is not appropriate for values of m h ± close to it. For this reason, we added 18 categories corresponding to m T 2 > 70 GeV and m T 2 > 80 GeV (with S T > X and X = 100, ..., 900 GeV).
We vary the charged scalar mass, m h ± , between 100 and 500 GeV in steps of 50 GeV and for each value we estimate the lower cross section that can be excluded with a luminosity of 300 fb −1 by using the m , m T and m T 2 categories. Exclusions for intermediate masses are obtained by linear interpolation. The results are shown in Figure 3 . The sensitivity is driven by the m T 2 categories in all the considered range of masses, even when it worsens significantly below m h ± ∼ 150 GeV and becomes similar to that achieved with the other observables around m h ± = 100 GeV. With the m T 2 categories it is possible to exclude cross sections ranging from ∼30 fb to 0.1 fb for masses between 100 GeV and 500 GeV. It is interesting to interpret the limits given in Figure 3 in terms of the decay branching ratio of h ± into electrons and muons. This is easy to accomplish by remembering from Sec. 2 that the signal cross section factorizes as σ(pp → h + h − ) × BR 2 e+µ . We display the results in Figure 4 for the most sensitive observable (m T 2 ) and two values of the total integrated luminosity, L = 300 fb −1 and 3 ab −1 . We see from the figure that charged scalars decaying mostly to electrons and muons (BR e+µ ∼ 0.9) can be excluded up to 500 GeV with 300 fb −1 . By increasing the luminosity to 3 ab −1 this conclusion can be extended for charged scalars with BR e+µ 0.5. For a charged scalar decaying only into leptons, the sensitivity gap for BR e+µ < 0.3 could be addressed in principle by considering the ditau channel since BR τ = 1 − BR e+µ and then the exclusion limits in terms of BR τ translate into an upper limit on BR e+µ . In fact, by combining our results with the exclusion reported in [21] which is based on the recasting of the analysis of Ref. [43] , we can exclude singlet charged scalars with masses below ∼ 280 GeV. A search strategy in the ditau channel more focused on the high-mass range could extend this exclusion, however this is beyond the approach of this paper and is left as future work. Finally, a charged scalar decaying fully into electrons and muons could be ruled out in all the considered mass range (100 GeV -500 GeV) with a minimum luminosity of ∼ 192 fb −1 . Figure 4 : Bounds in the decay branching ratio of h ± into electrons and muons obtained by using the mT 2 categories with luminosities of 300 fb −1 (dashed line) and 3 ab −1 (solid line).
Analysis in the three lepton channel
As previously discussed in Sec. 2, the 3 channel is more suitable to probe the large Yukawa coupling regime. In order to develop the search strategy in this channel we make use of the background presented in Ref. [44] , where a number of events consistent with an integrated luminosity of 3 ab −1 was generated at √ s = 13 TeV. The relevant backgrounds consist of W Z, ZZ, W W W , W W Z, W ZZ, ZZZ, ttW and ttZ. At the reconstruction level we demand electrons (muons) to have p T > 20 (10) GeV and |η| < 2.5 (2.6). We construct the following two observables 2 :
1.-m , the invariant mass of the two same-sign leptons, and 2.-the transverse mass, defined in the previous section, of the same-sign lepton pair (m T ), as well as the one of the third lepton (m T ).
Like in Sec. 3, we additionally consider the auxiliary observable S T . Once again, for each observable O = m , m T we build 81 different categories with O > X and S T > Y , where X, Y = 100, 200, ..., 900 GeV. We remark that, contrary to the pair production channel, in this case there are two transverse masses and we demand both of them to simultaneously fulfil the selection cuts. From now on we will often speak of m T analysis to refer to the combined analysis of the two transverse masses.
Regarding the signal events, we use the package FeynRules [31] to generate the UFO model [32] that implements the relevant interactions. In order to be consistent with the generation of background events in Ref. [44] , we choose once again MadGraph 5 [28] and then PYTHIA 6 [45] for parton showering. We demand the signal events to satisfy the same selection cuts as the background.
We consider the mass of the charged scalar singlet to range between 100 and 500 GeV, in steps of 50 GeV. Considering solely electrons and muons (plus missing transverse energy) in the final state, the production is such that only the coupling f eµ is needed. Hereafter we set f eµ = 1 in all the simulations, as the results can be rescaled to any coupling strength following Eq. (5). For each observable and every value of the scalar mass we look for the category with the largest sensitivity. By following this procedure, we compute the lowest cross section that can be excluded at the 95% C.L. Exclusions for intermediate masses are obtained by linear interpolation. For m h ± 250 GeV the sensitivity is slightly driven by m T , while for lower values of the mass, the sensitivity of the transverse mass worsens due to the presence of an endpoint in its distribution around the scalar mass. This makes the observable m ll the one with the best sensitivity in that region.
The results are shown in Figure 5 for a total integrated luminosity of 300 fb −1 (left panel) and 3 ab −1 (right panel). Making use of Eq. (5), we plotted the coupling-mass plane for three different decay branching ratios of the charged scalar, namely BR e+µ = 0.1 (orange), BR e+µ = 0.5 (green) and BR e+µ = 1 (blue). If h ± decays only to electrons and muons, it is possible to exclude the entire range of studied masses for couplings larger than ∼ 1.4 with a luminosity of 300 fb −1 . For the high luminosity phase, with 3 ab −1 , this limit could be extended to couplings as low as ∼ 0.8. Additionally, smaller branching ratios become more accessible. For instance, a charged scalar with BR e+µ = 0.5 could be probed up to m h ∼ 500 GeV with a coupling ∼ 1.1. Contrary to the 2 -channel, in the 3 -channel the analysis based on the LR interaction will report, to some extent, different results than the one considering the LL operator. In particular, the topology with the LR interaction shows a different configuration of the electric charges of the three leptons in the final state (see Figure 6 ). For this reason the observables are constructed with different leptons, and we expect the distributions to disagree from one scenario to the other. In Figure 7 we show different distributions in both frameworks, for a mass of 200 GeV. Notably and in contrast to the case with the LL interaction, m T does not show an endpoint around the mass of the charged scalar since it is not built with the lepton arising from the decay of the scalar. This feature could help to distinguish one scenario from the other. Additionally, while with the LL operator two diagrams contribute to the amplitude, there is only one diagram in the LR topology, making its production cross section typically one order of magnitud smaller. In order to illustrate to what extent the change on the kinematic distributions impacts on the results, let us assume that the Lagrangian in Eq. (2) preserves lepton flavour (that is, we only keep the diagonal elements) and redo the whole procedure, fixing the couplings g ee = g µµ for simplicity. Results for the LR operator are depicted in blue in Figure 8 for a luminosity of 300 fb −1 , in comparison to those obtained with the LL interaction in orange. The symbol y denotes the Yukawa coupling g (f ) in the LR (LL) framework. Solid lines describe the theoretical cross section while dashed lines indicate the maximum cross section that can be probed at the given luminosity. The latter strongly depends on the acceptance of each category and observable. In the whole interval of study, the sensitivity for the LR operator is driven by m ll , whose distribution is very similar to that of the LL interaction. Conversely, the theoretical cross section, as explained above, is typically one order of magnitude smaller. For this reason the exclusion limits will be weaker in this scenario and for retrieving the same sensitivities achieved with the LL framework, larger couplings or luminosities are needed. In particular, a h ± decaying exclusively to electrons and muons through the LR interaction can be excluded with a mass as large as ∼ 170 GeV with a luminosity of 300 fb −1 , whereas this limit extends to ∼ 370 GeV for the LL interaction. 
Conclusions
In this paper we have proposed a search strategy for singly-charged scalars focusing in final states with electrons and muons. We have shown that the single production mode through a virtual lepton exchange may have a significant impact on the kinematic distributions in a signature with two leptons for large Yukawa couplings, and then it should be added to the usual pair production mode. Taking this into account, we have split our analysis according to the strength of the interactions of the charged scalar with leptons. For large Yukawa couplings, we have considered a final state consisting of 3 + E miss T which arises from the single production of the charged scalar and its subsequent decay into a lepton and a neutrino. For small Yukawa couplings, the 3 channel loses its sensitivity and then we have considered instead the topology 2 + E miss T since the corresponding cross section is dominated in this scenario by the pair production channel which is completely determined by the gauge couplings of the charged scalar. In this manner, each topology is driven by only one production mode.
Within the low Yukawa coupling scenario, we have found that a charged scalar decaying exclusively into electrons and muons can be excluded up to masses of 500 GeV with an integrated luminosity of ∼ 200 fb −1 . In the high luminosity phase it would be possible to exclude all the studied mass range for any charged scalar with BR e+µ 0.5. In the large coupling scenario (coupling ∼ 1), the same range of masses can be accessed with a luminosity of ∼ 300 fb −1 for couplings 1.4, while in the high luminosity phase this limit could be extended to couplings as low as ∼ 0.8. Although our results were obtained by assuming that the singly-charged scalar is a weak singlet with renormalizable interactions, in principle they can also be applied to other models of charged scalars with similar production and decay modes. However, we have shown that special attention is needed when using the results obtained in the 3 channel since in this case the search strategy is sensitive to the type of interaction of the charged scalar (LL or LR). By recasting our search strategy for the LR interaction we concluded that the sensitivity decreases in this scenario. In particular, for couplings of order one, a charged scalar decaying fully into electrons and muons via the LL interaction can be excluded up to a mass of ∼ 370 GeV, while this limit relaxes to ∼ 170 GeV if the decay proceeds through the LR interaction.
